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TEH ADVANTAGES OF UNIFORM FUBL DISTRIBUTION YOR
AIR—COOLED ENGINES FROM CONSIDERATIONS OF -
COOLING REQUIREMENTS AND FUEL ECONOMY

By K. F. Rubert, Blake V. Cgraon, Jr., and Jack FNielsen
INTRODUCT ION

The temperatures of the individual cylinders of
multicylinder engines usually deviate consideradly from
the mean teuperature for the entire engine. This tem—
perature deviation is obJjectionable because the cooling
regulirenent of the entire englne, determinad by the
necesslty of cooling the hottest oylinder, often becomes
nuch greater than the cooling requirement sufficient for
the average cylinder, The reguirement of large coolins—
pressure drops 1s always undesiradle from dreg considera—
tions and, for certain flight conditions, mar rondcr
englne opeoratlion lmpossible if the required pressure ex—
coods tho pressure available.

The purpose of this renort is to show by analysis
of existing data, pending direct experimerntal determina—
tlon, the extent to which nonuniform distrivpution of fuel
to the cylinders of a nulticylinder engine can produce
temperature deviation and the benefits to be anticipated
from attelnment of uniform fuel distribution. It is not
to be inferred that variation of fuel distribution to the
cylinders 1is entirely responsidle for dissymmetry of the
temperature pattern, but experimental lnvestigations lead
to the conviction that thils variation 1s an important
factor.

ANALYSIS AND DISCUSSION
The Cause of Varlation in Cylinder—Head

Temperature with Fuel—Alr Ratio

The highest combustion temperatures and correspond—
ingly the highest cylinder—head temperatures occur at




fuel—alr ratios of about 0,066 to 0,07, near to the
theorotically correct comdining proportions of fuel and
alr, as shown in figure l. The reasons for lower tem—
peratures at other fuel—alr ratios are based on the
characteristicas of fuel and ailr consumptlion shown in
figure 2, At fuel—alr ratios less than 0,07, the excess
alr, shown by the dashed curve of figure 2, reduces the
cylinder temperature by internal cooling. At fuel—alr
ratlos greater than 0.07, excess fuel is supplied as
shown by the solid line in figure 2 and the cylinder 1=
internally cooled by the fuel. The exact mechanism by
which cooling due to excees fuel 1s accomplished 1is a
sub)Ject beyond the scope of this report. This mechanisnm
involves changes 1ln both the heat evolution and the
thermal properties of the working substance as well as
the cooling due to simple refrigeration. A%t very rich
and very lean mixturee the comdbustion 1is 1lmpaired, and
the excess amounts of fuel and air required to malntain
constant power produce additional cooling.

Temperature Deviations Due to Nonuniform Fuel
Digtribution and Their Relation
to Pressurse Drop

The effect, upon the head temperature of a cylinder,
of varilatlion in the ratio of fuel to alr in that cylinder
is showvn in figure 3 for three modern radiasl air-cooled
englnes at sea~level Army summer—alr conditions, Thesase
curves are intended to show, for several typical power
conditions, the effect that ocould be produced on indi—
vidual cylinder—head temperatures by nonuniformities in
fuel distribution,

The curves of figure 3 have been consitructed from
cooling correlatlon curves of the: type shown 1n refer—
ence 1, For each power condition shown, & cooling-ailr
pressure drop has been chosen which, with uriform fuel
distribution and as nearly as posslible at the raied fuel-
alr ratio, provides the head temperature limit (rear—
spark—plug boss) specified. The head temperature at
other fuel—alr retios has been cealculated on the assump—
tions that the charge—alr flow and the cooling—alr flow
are undisturbed and that the fuel—alr ratio to the
eylinder in question is changed as a result of a change
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in only the fuel.flow. In order to facilitate comparison,

-the .curves 'have been extended over the entire range of -

fuel—alr ratios, although it should be reaiized that
actual engzline operation in all parts of thls range is not
possible at 'all powers, The peaks of the curves may have
been slightly flattened by the use of multicylinder—
engine data instead of eingle—cylinder—engine dagta.

The significance of these temporature variations 1is
showvn for ses—level condltions in terms of cooling—air
pressure drop by flgure.4, These curves show the pres—
sure drop required 50 maintain at the spescified limits-
the head temperature of the. cylinder experiencing the
changes in fuel flow.

Specific Fuel Consumntion

An inspection of the curve of brake specific fuel
consumption of figure 2 discloses the relatlion of the
brake specific fuel consumption to deviations in fuel
distribution. Because of the practically linear rela-
tlon of specific fuel consumption to fuel—alr ratlo in
the rlch~nmixture range, the effect on specifle fuel con—
sumptlion of nonuniformities of fuel—alr ratio 1ies compen—
sating, and the better economy of the cylinders recelving
the leaner mixtures offsets the poorer ecconomy of the -
eylinders roeceiving the richer mixtures, with 1llttle net
chenge in over—all economy. In the range of leaner mix—
tures, wvhere the relation of specific fuel consumption
to fuel—air ratio 1s nonlinear, nonuniformities of dis—
tribution are not compensating, and the economy of the
engine ise impalred by peor distridbution.

Altitude Effects

Tho temperature deviations caused by nonuniform
distribution of fuel, as directly derived from cooling
correlatlon curves, increase slightly with altitude.
The cylinder—head temperature at fuel—air ratios re—
sulting from nonuniform fuel distribution 1s plotted
for engine A aB.a function of altitude for normal power
in figure 5(a) and for cruising power in figure 5(D).
The head-temperature of cylinders at the specified fuel-—:
4ir ratio is maintained at the specified limit over the
altlitude rangs by sultable mdjustment of the cooling—
air flowv.




The change in cooling-air flow required to over—
come these temperature deviatlons likewise increases
with altitude., Because of the decrease in density the
effect of nonunlform distridution of fuel on the pres—
sure—~drop requirement increases with altitude. This ef-
fect is shown for two representative power conditions
in flgure 6. :

At sea level the power required to pump cooling air
across the engine is amall compared to the engine output
and the cooling—power varlatlon with fuel—ailr ratio, al—
though considerable, is usually unimportant. The
cooling—air pumping power QAp,” the product of the cool-—
ing-eir yvalume flow Q and the pressure drop Ap, of
engine A for oruilsing at sea~level corditlons is shown
by the solld line of flgure 7 as a function of fuel-ailr
ratio. The larger pressure drops at higher altitudes,
in conjunction with the greater volumes of cooling air,
greatly lncrease the power required fer pumping the
cooling air. This effect is shown by the dashed line
of figure 7. TYor the altitude calculations, sea—leval
condltions of carburetor and exhaust pressures, repre—
sentatlive of a turbosupercharger installation, were
assumed.

At high sltitudes the cooling power 1s no longer
unimportant, particularly when the available preseure
drop is limited, as in the crulsirg condition. The in~
ternal drag horsepower assocliated with cooling varies
from the pumping power as a minimum to twlce this value
for a system requiring the entire available pressure
drop to force air across the engine. The veriation in
internal drag power mey, as a consequence, be consider—
ably greater than the varlatlion of the pumplng power
QAp as shown by the upper curve of figure 8, This
curve, also for an altitude of 30,000 feet, has been
constructed on the assumptlion that, at a fuel—air ratio
of 0,07, the pressure drop across the engine is equal
to the maxlmum pressure drop avallable.

Benefits of Uniform Fuel Distridbution

The advantages to be realilized from uniform fusel
distribution aré important for two principal reasons,
When an engine is so operated that optimum conditions
prevall for the average cylinders, nonuniformily cof
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fuel distribution cauees deviation from the optimum in
the other cylinders to the detrimesnt of engine cooling,
fuel consumption, oxr both. VWhat- 18 even.more important
is that (because of the close proximity of the optimum
conditions to the engine operating limits) without uni-
form diatridbution, operation of an engine with some of
the cylinders at optimum eonditions may be rendered im—
possible by knocking or misfiring in the other cylinders,

. In the high~power range the temperature of the
hottest cylinder 1s often 650° ¥ above the mean, which
if attributed entirely to nonuniform distrlbutlion of
fuel, 18 found in figure 3(a) for normal rated power to
correspond to a fuel—air ratio of 0,082 instead of 0,088,
Reference to figure 4(a) shows that the pressure drcp
roequlred to c00l a ecylinder at normal power and at a
fuel—alr ratio of 0,082 is 8.2 inches of water instead
of the 4,7 inches of water required for the average
cylinders, The benefit of uniform distrlibution wculd
then be a 42—-percent reductlion tn.required cooling—air
pressure drop.

When sufficlent pressure drop is avallabdle, 1t may
be deslirable for high—powsr operation to accept the
pressur e—-drop penalty at a leaner mixture 1n order to
improve the economy. Operation at this condition 1s
pocsible only if the fuel distrlibution 1s very nearly
uniforn because c¢f tha danger of knocking in cylinders
at lean mixtures.

In the crulse range for certaln types of engines
such as engine A, the benefits of uniform distridution
are striking. Present crulse—power operatlon appears
tovbe at a fuel—air ratlo of 0.07, close to the peak of
the pressure—drop curve (fig. 4(3)) and to the right. of
the point of minimum specific fuel consumption (fig. 2).
Bor see~level cruising operation the user 0f a fuel-—alr.
ratio of 0,06 with very nearly uniform distribution
offers a probadle 30—percent reduction in cooling pree—
sure drop and a 6~percent reduction 1in drake specific
fuel consumptlon together with the reduced internal
drag due to the decreased flow of cooling air. Without
uniform distribution, operation at very lean mixtures
is nelther profitadble nor possidle.

The importance of uniform fuel distridbutlon in al—
titude cruising is shown by figure 9, which shows
cooled—~power specific fuel consumption, here defined as




Fuel consunption

Bragke horsepower —

internal cooling—alr drag horsepower
L propeller efficlenecy (= 0.8)

plotted against fuel—ailr ratlo.  The internal cooling—
alr dreg horsepower in this equation is that shown by
the solild line of figure 8, The net cooled—power
speciflic fuel comsumption is reduced from 0.62 to 0,50
pound per horsepower—hour in reducing the fuel—alr
ratio frog 0,07 to 0,06, which 1s g 20 percent reduc—
tion in fuel consumptlon.

CONCLUS IONS

l. The pressure drop required for a typlcal engine
develonling rated power at a fuel—alr ratio of 0.095 with
a temmerature difference of 50° F between the hottest
and the average cylinder may be almost twice the pres—
sure drop required to cool an englne with uniform cylin—
der temperatures,

2, An economic reduction in fuel—air ratio in
crulse made possible by uniform fuel—alr mixture may ve
accompanied by as much as a 30—percent reduction 1n re—
quired cooling—air pressure drop for some aircraft en-—
glines.

3. The reduction in fuel—alr ratlio in crulse made
possible by attainment of a uniform fuel—alr mixture
andi consequent reduction of coolling drag would effect
a desirsble reduction in fuel consumption. At 30,000
feet altitude the reductlon of fuel consumption may be
as much as 20 percent.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautlcs
Langley Field, Va.
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Fraure 3.' THE RELATION BETWEEN CYLINDER=HEAD TEMPERATURE AND INDIVIDUAL

CYLINDER FUEL=-AIR RATI!O,



-
Fx- =
.. L]
“h >
£t < °
1. @ =
= ] - )
X < z B
- s z o
> -4 S
w z —
ul
—~ ) °
A . ~—~ - —
—~ w\- [ ] -
a3 e o«
B « oY bd
5 i Sl
- o -
LB H i
Epsas W :
.= “lw
: :
& w e
re
S
..

anl.

o

QCC

(c) Ensine C.



a0

(B8) CRUISING POWER, ENGINE A,

Fraure 5-- THE VARIATION WITH ALTITUDE OF THE EFFECT OF MALDISTRIBUTION OF FUEL
ON CYLINDER-HEAD TEMPERATURE,

PRESSURE DROP VARIES WITH ALTITUDE TO MAINTAIN
SPECIFIED TEMPERATURE LIMIT AT SPECIFIED FUEL=AIR RATIO,
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(B) CRUISING POWER, ENGINE A HEAD-TEMPERATURE LIMIT, 1450° F.

Fieure 6.' THE VARIATION WITH ALTITUDE OF THE EFFECT OF MALDISTRIBUTION OF FUEL
ON COOLING=AIR PRESSURE DROP REQUIRED TO MEET SPECIFIED TEMPERATURE LIMITS,.
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